Abstract -Division of labor is one of the most fascinating phenomena found in social insects and is probably responsible for their tremendous ecological success. We show how major features of this division of labor may represent self-organized properties of a complex system where individuals share an information data base (a stimulus environment), make independent decisions about how to respond to the current condition of that data base (stimulus environment), and alter the data base by their actions. We argue that division of labor can emerge from such systems even without a history of natural selection, that in fact such ordered behavior is an inescapable property of group living. We then show how natural selection can operate on self-organized complex systems (social organization) and result in adaptation of division of labor. &copy; Inra/DIB/AGIB/Elsevier, Paris self organization / division of labor / evolution / insect societies / Apis mellifera
INTRODUCTION
The main features of insect societies that are believed to be responsible for their tremendous ecological success are (Oster and Wilson, 1978; Wilson, 1985a, b) :
'division of labor' -between reproductives and workers, and a further division among workers that is often, perhaps usually, based on age and/or anatomical differences; 'specialization' &mdash; some individuals perform some tasks with a significantly greater frequency than do other individuals; 'homeostasis' &mdash; colonies regulate internal conditions, such as food stores, temperature, humidity, etc.; 'plasticity' and 'resiliency' &mdash; colonies are able to change the numbers of workers engaged in different tasks in response to changing internal and external colony environments; and 'mass action responses' &mdash; colonies are able to mobilize large numbers of workers for specific emergency needs.
Much of the classical and contemporary research in insect sociobiology has been dedicated to studying these phenomena with the assumption that they represent colony-level functional adaptations. To identify a given trait as an adaptation is to imply that it has evolved by means of natural selection on available variants (Williams, 1966; Lewontin, 1978; Gould, and Vrba, 1982; Sober, 1984; Mitchell, 1987; Harvey and Pagel, 1991 (Oster and Wilson, 1978) .
The historical definition of adaptation we, and most biologists and philosophers, use has recently been criticized generally, and our arguments about division of labor specifically (Page and Mitchell, 1991) , by Reeve and Sherman (1993) . They promote instead a nonhistorical account of adaptation as "a phenotypic variant that results in the highest fitness among a specified set of variants in a given environment". The major, and we believe, devastating drawback of their definition is the complete disconnection between adaptation and evolution entailed by it. For a trait to be an adaptation on their account, says nothing at all about its relation to traits in past or future populations. This is in con- trast to Darwin's notion of natural selection acting on variation as the mechanism for evolutionary change producing, and hence explaining, the adaptation of traits to their environment. Our 1991 argument that division of labor could have arisen by self-organization implied that there would have been no variance between protosocial groups for the fundamental aspects of division of labor and hence no natural selection for those features. This view was criticized by Reeve and Sherman (1993) . They mistakenly alleged that we see selforganization and selection as alternative, rather than complementary explanations [as do Bourke and Franks (1995) ; see also Mitchell (1998) Here, using a boolean network modeling approach (Gelfand and Walker, 1984; Kauffman, 1984 Kauffman, , 1993 Page and Mitchell, 1991) Bonabeau et al. (1996) and Page (1997) (Page, 1997 ).
An increase in N for a specific age caste may also be achieved by altering behavioral development rates so that individuals belong to a given age caste for a longer or shorter period of time [see Robinson (1992) for review]. Genetic variability for rates of development associated with age polyethism have been demonstrated repeatedly (Winston and Katz, 1982; Page, 1988, 1991; Giray and Robinson, 1994; Calderone and Page, 1996) . N can also be affected by the sensitivity of individuals to environmental stimuli that results in changes in rates of behavioral development into different age castes.
Individual workers in colonies that lack foraging age bees undergo an increased rate of behavioral development until there is a population of workers that forage at a precocious age Robinson, 1992, 1996) . Recent studies have shown genetic variability, hence the potential selectability, for the likelihood that an individual will undergo accelerated behavioral development Page et al., 1992; Robinson, 1994, 1996 (Eckert et al., 1995) while the presence of more stored pollen results in fewer pollen foragers and smaller pollen loads (Fewell and Winston, 1992) . The interplay of these stimuli result in the regulation of the foraging population and the pollen intake of the colony (Fewell and Page, 1993) . Camazine (1993) suggested that nurse bees serve as stimulus intermediaries providing inhibitory cues to foragers that relate to levels of stored pollen and brood. In any case, the specific mechanism, whether direct perception of stimuli by foragers, or indirect correlation of brood and pollen through nurse bee activities does not alter the interpretation of the models. K can also be adjusted spatially by creating a structural modularity (Page and Robinson, 1991) . Individuals located close to each other are more likely to share information &mdash; have greater connectivity &mdash; than those located in different parts of the nest, thus suggesting a nonuniform assignment of K to the N nodes. The spatial organization of tasks with respect to where they are performed in the nest may be selectable (Seeley, 1982) . Page (1988, 1991) (Lindauer, 1961 Page, 1988, 1991; Robinson and Page, 1989; Calderone et al., 1989; Rothenbuhler and Page, 1989; Guzman-Novoa and Gary, 1993; Guzman-Novoa et al., 1994; Dreller et al., 1995; Hunt et al., 1995; Calderone and Page, 1996) , grooming behavior (Frumhoff and Baker, 1988) , guarding and corpse removal (Robinson and Page, 1988; Robinson and Page, 1995) , hygienic behavior (Rothenbuhler and , defending the nest (Breed et al., 1990; Guzman-Novoa and Page, 1994) , caring for queen versus worker larvae Robinson et al., 1994a) , scouting for new nest sites (Robinson and Page, 1989b) , and other activities performed within the nest Page, 1989, 1991) .
Pollen and nectar foraging behavior have been examined in detail. Using the methods of Hellmich et al. (1985), Page and produced artificially selected strains of bees for the amounts of pollen they stored. After three generations, two way selection produced high and low strains that differed by more than five fold in quantities of stored pollen. High strain colonies had significantly more pollen foragers and high strain workers individually were much more likely to forage for pollen than were low strain workers, even when raised in a common colony environment (Fergusson and Winston, 1985; Robinson and Page, 1989b, Robinson et al., 1994b (Camazine and Sned, 1991; Page and Mitchell, 1991; Bonabeau et al., 1996; Gordon, 1996) provides evolutionary biologists with a new approach to understanding the evolution of complex biological design.
